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E-mail address: lihua@ntu.edu.sg (H. Li).In this paper, a chemo-electro-mechanical model is presented which considers the characteristics of the
three phases of the ionic-strength-sensitive hydrogel, including the solid polymeric network matrix,
interstitial ﬂuid and ionic species. It is termed the multi-effect-coupling ionic-strength-stimulus (MECis)
model and composed of Poisson–Nernst–Planck system for diffusion of the chemical ionic species in the
interior hydrogel and external solution, associated with the ﬁxed charge equation for simulating the
interaction between the ﬁxed charges and mobile ions, and the mechanical equilibrium equation to char-
acterize the deformation behavior of the solid polymeric network matrix. The simulation results of the
MECis model are examined by comparing with the experimental data published in open literature. It is
demonstrated that the present MECis model could simulate well the responsive behavior of the ionic-
strength-sensitive hydrogel quantitatively. The parameter study is conducted by the MECis model for
analysis of the inﬂuence of the Young’s modulus on the characteristics of the smart hydrogel, and it is
concluded that the present model can be employed as a good platform for design and optimization of
the smart hydrogel-based BioMEMS.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
One of the smart hydrogels is known as the ionic-strength-sen-
sitive hydrogel, if it could respond to the stimulus of the ionic
strength of the surrounding solution. Usually it is deﬁned as a
three-dimensional network of crosslinked macromolecules with
interstitial ﬂuid containing ionic species. The ionic-strength-sensi-
tive hydrogel is often synthesized by compositions of ionizable
monomers or polymers, such as itaconic acid (Caykara and Dog-
mus, 2005) and methacrylamidopropyl trimethylammonium chlo-
ride (MAPTAC) (Baker et al., 1992). The hydrogel can absorb a
signiﬁcant amount of biological ﬂuid while maintaining its struc-
ture integrity or degrading. Further, the high compatibility and
degradable properties of the hydrogel make it applicable for widely
promising applications, for example, in soft contact lenes (Lim
et al., 2002), drug delivery system (Song et al., 2009; Wei et al.,
2009) and biosensor/bioactuator (Justin et al., 2009).
In recent years, the hydrogel has received much research atten-
tion due to the increasing applications inmedical and pharmaceuti-
cal industry. However,most of theworkswere done experimentally,
in order to synthesize novel hydrogels (Abd El-Mohdy, 2007;
Marklandet al., 1999), to test novelmethods for preparation. (Huang
et al., 2008), or to investigate the properties of the hydrogel (Dharall rights reserved.
65 6792 4062/6791 1859.et al., 1999; Hooper et al., 1990; Zhao and Moore, 2001). Less atten-
tion was given on the theoretical model development of the hydro-
gel, especially for ionic-strength-sensitive hydrogel. Perhaps, the
early modeling work of the hydrogel would be attributed to Flory
andHuggins via the Flory–Hugginmean-ﬁeld treatment of gel poly-
meric network (Flory, 1941; Huggins, 1941). Based on this model,
the Flory–Rehner theory was (Flory and Rehner, 1943a,b), in which
the swelling of the hydrogel is considered as a result of three contri-
butions, the polymer–solvent mixing, the deformation of network
chains and the concentration difference of mobile counterions
between the gel and the solution. The above modeling theories
brought a lot of studies on the theoretical development of the poly-
mer networks (Okay et al., 1998; Tanaka et al., 1982).
In terms of modeling of the ionic-strength-sensitive hydrogel
however, few works were done. For instance, Hooper et al.
(1990) demonstrated a model capable of predicting the swelling
equilibrium of neutral and ionized polyacrylamide gels in water
or aqueous salt solution. Prange et al. (1989) used Donnan theory
for analysis of the effect of solution ionic strength and ﬁxed charge
density. Baker et al. (1994,1995) presented a simple Flory-type
swelling model with Donnan theory concerning the swelling equi-
librium of the hydrogel, made comparison between the simulation
and experimental results, in which the polyampholyte hydrogel
with negative ﬁxed charge was synthesized as the ionic-strength-
sensitive hydrogel and corresponding swelling equilibrium was
measured as a function of solution ionic strength and ﬁxed charge
3142 F. Lai et al. / International Journal of Solids and Structures 47 (2010) 3141–3149(Baker et al., 1992). Brannon–Peppas and Peppas proposed a model
incorporating the ionic strength I for the ionic contribution to the
chemical potential as a driving source to expand the hydrogel.
(Brannon-Peppas and Peppas, 1991).
Recently, the research effort is put on the mechanical behavior
of the hydrogel. Several macroscopic continuum theories were pre-
sented, for mechanical deformation of the hydrogel, (Segalman
et al., 1992, 1993; Wallmersperger et al., 2004). They applied
momentum conservation law for the mechanical deformation of
the hydrogel, and incorporated the strength of the hydrogel into
the governing equations based on the assumption that the hydro-
gel is elastic.
In this paper, a chemo-electro-mechanicalmodel is presented for
simulation of the swelling/deswelling of the stimulus-responsive
hydrogel to the ionic strength change of surrounding solution,
termed the multi-effect-coupling ionic-strength-stimulus (MECis)
model. It is composed of several governing equations, including
Nernst–Planck, Poisson with ﬁxed charge density and mechanical
ﬁnite deformation equations. The Nernst–Planck equations charac-
terize the diffusion and convection of the ionic species in the
solution, hydrogel and the interface between them, in which the
driving sources of the diffusion include the gradients of the concen-
tration, activity coefﬁcient and electrical potential. The activity coef-
ﬁcient is associated with the ionic strength of surrounding solution.
The electrical potential is governed by the Poisson equation for the
distribution of the ﬁxed charges and electrical potential in the
hydrogel and solution. Theﬁxed charge equation is derived to reﬂect
the interactionbetween themobile ions in the solution and theﬁxed
charges on the polymeric chains of the hydrogel, based on the Lang-
muir monolayer theory. The ionic strength of surrounding solution
as an important parameter is incorporated into the Nernst–Planck
and ﬁxed charge equations instead of boundary conditions. The
mechanical equilibrium equation is based on the momentum con-
servation law,where the driving forces include the osmotic pressure
resulting from the concentration difference between the interior
hydrogel and external solution, and the repulsive force between
the ﬁxed charges in the hydrogel.
In order to examine the present MECis model, the simulation is
conducted for comparison with the published experiment in open
literature. It is then found that the MECis model can predict the
swelling/deswelling behavior of the ionic-strength-sensitive
hydrogel quantitatively and qualitatively. Simulations are also car-
ried out for parameter study of the inﬂuence of the Young’s modu-
lus on the swelling/deswelling characteristics of the hydrogel,
especially on the distributions of the positive, negative mobile ions,
ﬁxed charges, electrical potential, and displacement.
2. Mathematical model development
The ionic-strength-sensitive hydrogel generally consists of
three phases, including the polymeric network solid matrix, inter-
stitial ﬂuid, and ionic species which may be the charges ﬁxed to the
polymeric chains or the mobile ions in the interstitial ﬂuid. For
modeling of the responsive characteristics of the hydrogel subject
to the change in the ionic strength of the surrounding solution, the
chemical behavior of the mobile ionic species in the interstitial
ﬂuid of the hydrogel and external solution is formulated by consid-
ering the transport of the ionic species over the interstitial ﬂuid
and external solution due to the gradients of the concentration,
electrical potential and activity coefﬁcient, and is given by the
Nernst–Planck ﬂux as,
jk ¼ Dk gradðckÞ þ ckgradðln ckÞ þ
F
RT
zkckgradðwÞ
 
þ ckV ðk ¼ 1;2; . . .Þ; ð1Þwhere jk;Dkðm2=sÞ; ck; zk are the ﬂux, the diffusivity tensor, the
chemical activity coefﬁcient and the valence of the kth ionic species,
respectively. w(V) is the electrical potential, and V the convective
velocity. F(C/mol),R(J/Kmol) and T(K) are the Faraday constant, uni-
versal gas constant and environmental temperature. The Nernst–
Planck ﬂux jk represents the ionic transport in the hydrogel and
solution, as well as over the interface between the hydrogel and
solution. The diffusion–convection ﬂux jk of the kth ionic species re-
sults from three contributions, namely the gradient of the concen-
tration ck, the gradient of electrical potential w as a migration ﬂux
due to the electrophoresis, and the migration ﬂux due to the chem-
ical activity coefﬁcient ck since it has to be considered for a non-
ideal solution or mixture.
Based on the law of mass conservation, the Nernst–Planck con-
tinuity equations are written as
_ck þ divðjkÞ þ tkr
¼ _ck  div Dk gradðckÞ þ ckgradðln ckÞ þ
Fzkck
RT
gradðwÞ
  
þ tkr ¼ 0 ðk ¼ 1;2; . . .Þ ð2Þ
where the convective velocity is neglected, the generation/con-
sumption rate of the ionic species k resulting from chemical reac-
tion is expressed by the product of the stoichiometric coefﬁcient
tk and the reaction rate r. By the well known Debye–Hukel theory
Sinko (2006), the chemical activity coefﬁcient ck of the kth ionic
species is determined by
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 ln 10Az2k
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in which, A and B are the factors that depend only on the tempera-
ture and the dielectric constant of the medium. I is the ionic
strength as a measure of the concentration presented in the solu-
tion, and is deﬁned as
I ¼ 1
2
X
k
z2kck ðk ¼ 1;2; . . .Þ: ð4Þ
The Nernst–Planck continuity Eq. (2) characterize the ionic
chemical behavior in both the hydrogel and solution for the distri-
butions of the ions presented in the system. It is also observed that
the ionic strength of the surrounding solution determines the
activity coefﬁcient and then inﬂuences the ionic transport over
the solution and hydrogel.
The electrical potential w in the Nernst–Planck Eq. (2) is de-
scribed by the following Poisson equation, based on the assump-
tion that the electrical potential travels much faster than the ions
in the interior hydrogel and external solution,
r2w ¼  F
e0er
X
k
zkck þ zf cf
 !
; ð5Þ
where cf and zf are the concentration and valence of the ﬁxed charge
in the hydrogel, respectively. e0 and er are the vacuum and relative
permittivities, respectively. Poisson equation characterizes the
interaction between ionic species and electrical potential in both
the interior hydrogel and external solution. In the hydrogel region,
the electric potential depends on the concentrations of both the mo-
bile ions and ﬁxed charges, while it is dependent on mobile ions
only in the surrounding solution.
The Poisson–Nernst–Planck (PNP) system (2) and (5) are formu-
lated only in the deformed conﬁguration with spatial coordinates
system x. However, in order to trace the characteristics of the
material points of the hydrogel and solution, usually, it is better
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After transformation of the coordinate system, the PNP system
(2) and (5) are rewritten as
_ck ¼ J1divX JDkC1 gradXck þ ckgradX ln ck þ
Fzkck
RT
gradXw
  
þ tkr
ðk ¼ 1;2; . . .Þ; ð6Þ
divX JC
1gradXw
 
¼  JF
e0er
X
k
zkck þ zf cf
 !
ðk ¼ 1;2; . . .Þ; ð7Þ
where J is Jacobian of the deformation gradient, C1 is the inverse of
the Cauchy–Green strain tensor of the solid polymeric networks of
the hydrogel.
Next, let’s consider the properties of ﬁxed charges in the hydro-
gel. As well known, the ionizable groups of the hydrogel would
dissociate when immersed into solution. The dissociation reaction
leaves the ﬁxed charges on the polymeric chains, and then they
would bind mobile ions diffusing from the external solution. This
dissociation and binding processes may be characterized by Chen
et al. (2003)
COOH$Ka COO þHþ
COO þ Naþ $Kb COONa;
ð8Þ
if the ionizable groups is presented in the form of COOH and a
solution with Na+, where Ka and Kb are dissociation and binding con-
stants, respectively. The interaction between the ﬁxed charges and
themobile ions couldbemodeledby the Langmuirmonolayer theory,
which gives the ﬁxed charge density equation as. (Luo et al., 2007)
cf ¼ 11þ H
c0f ;sK
K þ cb ; ð9Þ
where c0f ;s is the concentration of the total ﬁxed charge groups in the
hydrogel at a relaxed state (e.g. initial state without deformation), cb
is the concentration of the mobile ions which may be bound to the
ﬁxed charge sites on the polymeric chains of the hydrogel. H = Vw/Vs
is the local hydration deﬁned as the ratio of the interstitial ﬂuid vol-
ume Vw to the solid polymeric phase volume Vs. K(mol/m3) denotes
the apparent dissociation or binding constant of the hydrogel, and it
is expressed by Sinko (2006)
K ¼ K0 exp A lnð10Þð2n 1Þ
ﬃﬃ
I
p
=ð1þ
ﬃﬃ
I
p
Þ
h i
; ð10Þ
where K0 is the intrinsic dissociation or binding constant, n the
absolute value of valence of the ionizable ﬁxed charge. Transform-
ing Eq. (9) into the reference conﬁguration leads to
cf ¼
c0f ;s/
s
0K0 exp A lnð10Þð2n 1Þ
ﬃﬃ
I
p
=ð1þ
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I
p
Þ
h i
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p
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ﬃﬃ
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Þ
h i
þ cb
  ; ð11Þ
where /s0 is the volume fraction of the solid polymeric phase of the
hydrogel in the reference conﬁguration. The interaction between
the ﬁxed charges and mobile ions plays an important role in the
swelling of the hydrogel, and the ionic strength I inﬂuences the dis-
sociation degree signiﬁcantly.
Finally, let’s consider the mechanical characteristic of the solid
polymeric networks of the hydrogel. The solid polymeric matrix
furnishes the structural and physical integrity of the hydrogel,
and guarantees the hydrogel exhibiting a reversibly swelling or
shrinking in aqueous medium. This is based on the conversation
law of linear momentum. Based on the assumption that the hydro-
gel is immersed in an unstirred solution without vibration, the
mechanical equilibrium governing equation in the reference con-
ﬁguration is
r  P ¼ 0; ð12Þwhere P is the ﬁrst Piola–Kirchhoff stress tensor, and it results from
the three contributions, the nominal osmotic pressure Po, the nom-
inal elastic stress Pe, and the nominal chemical expansion stress Pr
due to electrostatic repulsive force between the ﬁxed charges,
namely
P ¼ Po þ Pr þ Pe: ð13Þ
The nominal osmotic pressure Po in the reference conﬁguration
is obtained by transforming from the hydrostatic osmotic pressure
posmotic in the current conﬁguration, which is produced by the dif-
ference of ionic concentrations between the interior hydrogel and
external solution, and it is calculated by
Po ¼ JF1posmoticI ¼ JF1RT
X
k
ðck  ck0ÞI; ð14Þ
where ck0 and ck are the concentrations of the kth ion species in buf-
fer solution and the hydrogel, respectively.
The chemical expansion stress Pr due to the electrostatic repul-
sive force between the ﬁxed charges within the hydrogel can be
formulated by
Pr ¼ JF1 Fcf qkRk
4pe0krk
krk þ j
krkj
 
exp krk
j
 
I; ð15Þ
where the scalar kRk and krk are the mean distances of the ﬁxed
charges in the reference and current conﬁgurations respectively,
and krk = kFkkRk. In the present MECis model, the mesh size is con-
sidered as a mean distance between the ﬁxed charges, which repre-
sents the average distance between the consecutive crosslinks and
serves as an indicator of the screening effect of the polymeric net-
work on solute diffusion (Canal and Peppas, 1989; Peppas et al.,
1985). Eq. (15) is derived according to Debye–Huckel model, in
which the electrostatic potential of a point charge q is determined
by a basic Eq. (16) that can be found in many textbooks (e.g., (Bel-
lan, 2006))
UðrÞ ¼ q
4pe0krk exp 
krk
j
 
; ð16Þ
where j is called Debye radius and deﬁned as
j ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ekT
2NAq2Ih
s
; ð17Þ
in which, k, NA and Ih are Boltzmann constant, Avogadro constant
and the ionic strength of the interstitial solution within the hydro-
gel. Based on the isotropic and homogeneous assumption, the ﬁxed
charges are distributed uniformly in the hydrogel. The number of
total ﬁxed charges can be calculated by N = cfVNA. If all the ﬁxed
charges have the same potential energy expressed by Eq. (16), the
total potential energy w(r) due to the electrostatic repulsive force
among all the charges is derived as
wðrÞ ¼ Nq
2
4pe0krk exp 
krk
j
 
: ð18Þ
The density of potential energy is thus given by
uðrÞ ¼ wðkrkÞ
V
¼ Fcf q
4pe0krk exp 
krk
j
 
: ð19Þ
Therefore, the nominal repulsion stress is determined by the
derivative of repulsive density of potential energy with respect to
the deformation gradient, namely
Pr ¼ @uðrÞ
@F
¼ @uðrÞ
@krk
@krk
@J
@J
@F
¼ kRk @uðrÞ
@krk JF
T
¼  Fcf qkRk
4pe0krk
krk þ j
krkj
 
exp krk
j
 
JFT : ð20Þ
Table 1
The input data of MECis model for the simulation of A3 series of PAAP hydrogel.
Parameters Values (for both
T0 and T80)
Environmental ionic strength I(M) (Dhara et al., 1999) 104  3
Initial diameter of hydrogel (mm) (Dhara et al., 1999) 18
Initial ﬁxed charge density (mM) 2.6006
Initial mesh size r0 (nm) (Shukla and Bajpai, 2006) 8.2  73.1
Intrinsic dissociation constant pK0 (M) (Burke
and Barrett, 2003; Kortum et al., 1961; Vink, 1986)
3.6
Temperature T (K) (Dhara et al., 1999) 298
The factor of activity coefﬁcient A (Sinko, 2006) 0.51
Valence of ﬁxed charge zf (Dhara et al., 1999) 1
Parameters Values
Young’s modulus EY (MPa) (Lopez-Ureta et al., 2008;
Martens et al., 2007)
0.18 (T0), 0.6 (T80)
Fig. 1. Comparison for A3 series of PAAP hydrogel between the simulation results of
MECis model and experimental data (Dhara et al., 1999).
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prepulsion ¼
Fcf qkRk
4pe0krk
krk þ j
krkj
 
exp krk
j
 
: ð21Þ
The nominal repulsion stress is thus rewritten as
Pr ¼ JF1prepulsionI: ð22Þ
In addition, the nominal elastic stress Pe is associated with a
constitutive relation and the second Piola–Kirchhoff stress tensor
S as
Pe ¼ SFT ; ð23Þ
where the second Piola–Kirchhoff stress is given by the constitutive
equation of the hydrogel as
S ¼ DE; ð24Þ
where D is the material moduli tensor.
As a result, the mechanical equilibrium equation is written as
div SFT  JF1ðposmotic þ prepulsionÞI
h i
¼ 0: ð25Þ
Here, it is noted that swelling or shrinking of the ionic-strength-
sensitive hydrogel is drived by both the osmotic pressure posmotic
and repulsive force prepulsion.
The development of MECis model has so far been completed. It
is composed of the coupled nonlinear partial differential governing
equations, including Nernst–Planck Eq. (6), Poisson Eq. (7) with the
formula of ﬁxed charge density (11) and mechanical Eq. (25), for
simulation of the ionic-strength-sensitive hydrogel. The MECis
model considers the three phases of the hydrogel and the sur-
rounding solution as well as the chemical, electrical and mechani-
cal multi-energy domains. In the presently developed model, the
ionic strength I of bathing solution is considered as a variable coef-
ﬁcient in the partial differential governing equations, instead of
boundary conditions, because it is a key stimulus to the swelling/
shrinking of the present smart hydrogel, and has the signiﬁcant
inﬂuence on the ionic transport between the hydrogel and sur-
rounding solution, and on the ﬁxed charge density in the hydrogel,
as well as on the osmotic pressure and the repulsive force.
3. Result and discussion
In the subsequent simulation, the hydrogel disks are investi-
gated for analysis of the equilibrium swelling ratio and other char-
acteristics. The swelling is isotropic within the disk plane without
rotation, and therefore the computational domain can be reduced
to one-dimension in the radial direction. As such, the one-dimen-
sional form of the MECis model will be applied along the radial
direction to analyze the smart hydrogel responsive to the external
ionic strength, and to investigate the inﬂuence of the different
Young’s moduli on the equilibrium swelling characteristics. The
equilibrium swelling ratio ESR can thus be deﬁned as
ESR ¼ pd
2h=4
pd20h=4
¼ d
2
d20
; ð26Þ
where d and d0 are the swollen and initial diameter of the hydrogel,
respectively, and h is the height of the disk.
3.1. Validation of the MECis model
For examining the present MECis model with the capability of
predicting the swelling/deswelling behavior of the ionic-
strength-sensitive hydrogel, the simulation results are compared
with the experimental data (Dhara et al., 1999), where the poly
(AAm-co-AA)-PVA (PAAP) hydrogel disk was synthesized bydifferent weight fractions of acrylamide (AAm), acrylic acid (AA)
and poly (vinyl alcohol) (PVA) (Dhara et al., 1999). The comparison
is made for the A3 series of PAAP hydrogel in this paper. The A3
series of PAAP hydrogel was synthesized by weight fraction of
60% AAm, 15% AA and 25% PVA, and by crosslinking PVA with dif-
ferent time, 0 and 80 min. As a result, two types of the hydrogel
were prepared and named T0 and T80. The acrylic acid can disso-
ciate in solution, such that the corresponding concentration can
be employed as the ﬁxed charge density and its dissociation
constant is found (Burke and Barrett, 2003; Vink, 1986). All the in-
put data for simulation of the PAAP hydrogel are listed in Table 1.
Fig. 1 demonstrates the comparison for the A3 series of PAAP
hydrogel between the simulation results by the MECis model and
the experimental data (Dhara et al., 1999), where the experimental
data are presented by symbols and the simulation results by lines.
As observed from the ﬁgure, with the increase of the ionic strength
of surrounding solution, the ionic-strength-sensitive hydrogel
shrinks by following three stages. Firstly, the decrease of swelling
will slow down when the ionic strength of the solution increases
up to 1 M due to the interaction between the mobile natrium ions
and the ﬁxed charge groups on the polymeric chains. In this stage,
the binding reaction between the natrium ions and ﬁxed charges is
still quite active, such that the increase of the ionic strength of the
external solution enlarges the concentration of the ions inside the
hydrogel and then the osmotic pressure over the hydrogel-solution
interface is altered slightly. As such, the swelling ratio of the
hydrogel changes slowly. Secondly, after an optimum of ionic
natrium to the polymer chains binding at the ionic strength of
Fig. 2. Inﬂuence of Young’s modulus on the swelling behavior of the ionic-strength-
sensitive hydrogel for various environmental ionic strengths.
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centration gap signiﬁcantly over the interface between hydrogel
and solution which leads to the reduction of the osmotic pressure
and repulsive force (Caykara and Dogmus, 2005). Thus the hydro-
gel shrink drastically when the ionic strength ranges between
1 mM and 100 mM. In the third stage, the swelling ratio varies
insigniﬁcantly when the ionic strength is larger than 100 mM.
The possible reason is that, after the signiﬁcant shrinking of the
hydrogel in the second stage, at the ionic strength of about
100 mM, the hydrogel stays in compact state already, further
increase of the ionic strength may not change the compacted state
of the hydrogel any more (Caykara and Dogmus, 2005). In addition,
it is also noted that the low ionic strength leads to the large Debye
length that strengthens the repulsive force, while the high ionic
strength decreases the Debye length that declines the effect of
repulsive force on the swelling of the hydrogel. The shrinking phe-
nomenon was also studied by the Flory-type mean-ﬁeld theory
(Tanaka, 1979; Tanaka et al., 1980).
It could also be observed from Fig. 1 that the MECis model pre-
dicts well the mechanical property of the hydrogel and its effect on
the swelling behavior. As well known, the crosslinking time affects
the strength of the hydrogel and thus the Young’s modulus varies
by different crosslinking time (Schroder and Oppermann, 1996).
For the A3 series of PAAP hydrogel, the T0 type of Young’s modulus
is smaller than the T80 type of that, because of the different cross-
linking time. The experiments also show clearly that the swelling
ratio of PAAP hydrogel decreases with the increase of the crosslink-
ing time, when the hydrogel is immersed in the solution with the
same ionic strength. The simulation results ﬁt the experimental
data quite well for different Young’s moduli of the hydrogel.
By the above comparison between the simulation and the
experiment, it is concluded that the MECis model can simulate well
the responding deformation of the hydrogel to the stimulus of ionic
strength of surrounding solution, and can be employed as a good
tool for analysis of the inﬂuence of the Young’s modulus on the
characteristics of the ionic-strength-sensitive hydrogel.
3.2. Parameter study
As the most important mechanical property of material, Young’s
modulus is used widely for evaluation of the strength of the hydro-
gel assumed as an elastic and isotropic mixture. In general, the
Young’s modulus of the hydrogel could be modiﬁed by changing
the crosslinking time, using monomers with large modulus, or
altering amount of total monomer during synthesis (David et al.,
2004; Martens et al., 2007; Matzelle et al., 2003; Srivastava et al.,
2007). The elastic modulus of some hydrogels may also change
with the environmental conditions, such as temperature and con-
centration of surrounding solution (Wang et al., 1997; Ye et al.,
2004). In the past, the studies on the effect of Young’s modulus
on the swelling ratio were experiment-based (Baker et al., 1994;
Dhara et al., 1999; Hooper et al., 1990). Few of them were involved
in theoretical modeling (De et al., 2002; Hong et al., 2010;Wallmer-
sperger and Kroplin, 2007; Zhao et al., 2008). In this section, theME-
Cis model validated will be employed for discussion of Young’s
modulus of the hydrogel especially focusing on the effect of the var-
iation of Young’s modulus on the concentration distribution of con-
centration natrium and chlorine ions, ﬁxed charge density, electric
potential, displacement and swelling ratio. The input data used in
the parameter study are given as, the valence of the ﬁxed charge
zf = 1, the initial lengthof gel domain LGel0 = 4 mm, environmental
temperature T = 298 K, the length of solution domain L = 10 mm,
initial mesh size r0 = 600 Å, intrinsic dissociation constant
pK0 = 3.6, and the initial ﬁxed charge density c0f ;s ¼ 800 mM.
The dependence of normalized swelling ratio on Young’s mod-
ulus is shown in Fig. 2. As it is observed from the ﬁgure, theYoung’s modulus inﬂuences signiﬁcantly the equilibrium swelling
ratio of the ionic-strength-sensitive hydrogel when immersed in
the solution with low ionic strength, e.g. less than 10 mM. How-
ever, the change of Young’s modulus has insigniﬁcant effects on
the equilibrium swelling ratio of the hydrogel placed in a solution
with high ionic strength, e.g. larger than 10 mM. This interesting
observation may result from the different states of the hydrogel
when immersed in solution with different ionic strengths. For
example, if the environmental solution has low ionic strength,
the hydrogel swells greatly due to the binding reaction between
the mobile ions and the ﬁxed charge sites, and the increase of
the Young’s modulus may enhance the stiffness of the hydrogel,
which reduces the deformation ﬂexibility of the hydrogel (Sasaki,
2006; Schroder and Oppermann, 1996; Srivastava et al., 2007). As
a result, the swelling ratio drops with the increase of the Young’s
modulus of the hydrogel at a low ionic strength of surrounding
solution. However, when the solution has high ionic strength, the
hydrogel doesn’t swell or swells trivially, and the Young’s modulus
changes the state of the hydrogel insigniﬁcantly.
It is also seen from Fig. 2 that the equilibrium swelling ratio
decreases with the increase of Young’s modulus, and the interval
between adjacent curves also decreases. This performance is
observed from Fig. 3 more signiﬁcantly, in which it decreases fast
initially until Young’s modulus of about 0.6 MPa, and then
becomes slow. Fig. 3 also shows the different characteristics of
the ionic-strength-sensitive hydrogel in the solution with low
and high ionic strengths respectively, where the Young’s modulus
inﬂuences the swelling ratio of ionic-strength-sensitive hydrogel
exponentially nonlinearly for low ionic strength and almost line-
arly for high ionic strength, respectively.
Figs. 4 and 5 exemplify the distributive proﬁle of the ﬁxed
charge density within the hydrogel as a function of Young’s mod-
ulus, when the ionic strengths of bath solution are 1 mM and
100 mM, respectively. As observed from Fig. 4, increasing Young’s
modulus leads to a smaller swelling, and thus to a smaller decrease
of the concentration of ﬁxed charges. The binding reaction
between the ﬁxed charge density and mobile ions is mainly inﬂu-
enced by the deformation of the hydrogel, if Young’s modulus is
changed. Therefore, the variation of the ﬁxed charge density is
almost controlled by the deformation of the hydrogel. From math-
ematical point of view, the ﬁxed charge density is the function of
the initial ﬁxed charge density csf ;0, the ionic strength I, the concen-
tration of binding ions cb, the intrinsic dissociation or binding con-
stant K0, and the Jacobian of the hydrogel J, as described in Eq. (11).
Fig. 3. Inﬂuence of Young’s modulus on the swelling behavior of the ionic-strength-
sensitive hydrogel immersed in the solution with the ionic strength of 1 mM and
100 mM.
Fig. 4. Inﬂuence of Young’s modulus on the ﬁxed charges density cf of the hydrogel
if the ionic strength of external solution is 1 mM.
Fig. 5. Inﬂuence of Young’s modulus on the ﬁxed charges density cf of the hydrogel
if the ionic strength of external solution is 100 mM.
Fig. 6. Inﬂuence of Young’s modulus on the distribution of sodium ion concentra-
tion cNaþ if the ionic strength of external solution is 1 mM.
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what can inﬂuence the ﬁxed charge density. As Young’s modulus
increases, the hydrogel shrinks and then the Jacobian J decreases,
the ﬁxed charge density thus increases. However, the inﬂuence of
the Young’s modulus on the ﬁxed charge density is quite insignif-
icant when the hydrogel is placed into a solution with the ionic
strength of 100 mM, as observed from Fig. 5. This may result from
the deformation of the hydrogel. At the ionic strength of 100 mM,
the hydrogel almost remains a compact state, and the variation of
the swelling is insigniﬁcant with Young’s modulus. The ﬁxed
charge density thus changes slightly. In fact, there exists a jump
of the ﬁxed charge density over the hydrogel-solution interface,
as formulated in Eq. (11), which is deﬁned in the hydrogel domain
only for the ﬁxed charge density. In other words, theoretically the
MECis model has handled the jump of cf over the hydrogel-solution
interface. In the numerical simulation however, the exact discon-
tinuous ﬁeld is difﬁcultly achieved. The gradual change of the ﬁxed
charge density over the hydrogel-solution, as shown in Fig. 4,
results from the computational approximation. This will be
improved in the future.
The distributive pattern of natrium ion concentration cNaþ is al-
most similar to that of the ﬁxed charge density, as observed fromFig. 6. The ﬁxed charges with the valence of 1 attract the natrium
ions into and repel the chlorine ions out of the hydrogel to main-
tain the electroneutrality inside the hydrogel. Therefore, the con-
centration of the natrium ions cNaþ increases with the ﬁxed
charge density in the interior hydrogel, and keeps constant in the
external solution. By contrast, the concentration of the chlorine
ions cCl decreases with the increase of the Young’s modulus as
known from Fig. 8 for the ionic strength of 1 mM. However, the dis-
tributions of the natrium and chlorine ions in the solution with the
ionic strength of 100 mM also change slightly, as observed from
Figs. 7 and 9. It is also noted in Figs. 6 and 8 that the electroneutral-
ity condition in the solution domain is not satisﬁed exactly. This re-
sults from the computational error accumulation during the
iteration process for convergence, due to the large difference be-
tween the initial ﬁxed charge density and the ionic strength.
The proﬁles of the electrical potential distributed in the hydro-
gel and solution are illustrated in Figs. 10 and 11. The electrical po-
tential is associated with the concentration of mobile ions and/or
ﬁxed charges, as shown in Eqs. (5) and (7). In the environmental
solution, the electrical potential remains constant since the elec-
troneutrality condition is already satisﬁed. In the hydrogel, how-
ever, there is a small difference between the concentrations of
Fig. 7. Inﬂuence of Young’s modulus on the distribution of sodium ion concentra-
tion cNaþ if the ionic strength of external solution is 100 mM.
Fig. 8. Inﬂuence of Young’s modulus on the distribution of chlorines ion concen-
tration cCl if the ionic strength of external solution is 1 mM.
Fig. 9. Inﬂuence of Young’s modulus on the distribution of chlorine ion concen-
tration cCl if the ionic strength of external solution is 100 mM.
Fig. 10. Inﬂuence of Young’s modulus on the distribution of electrical potential w if
the ionic strength of external solution is 1 mM.
Fig. 11. Inﬂuence of Young’s modulus on the distribution of electrical potential w if
the ionic strength of external solution is 100 mM.
Fig. 12. Inﬂuence of Young’s modulus on the displacement u of the hydrogel if the
ionic strength of external solution is 1 mM.
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potential. With the increase of Young’s modulus, the difference in-
creases and thus it enlarges the electrical potential.The displacement proﬁles of hydrogel are illustrated in Figs. 12
and 13, where only half domain of the displacement ﬁeld of the
hydrogel is necessarily shown since the deformation is symmetric.
Fig. 13. Inﬂuence of Young’s modulus on the displacement u of the hydrogel if the
ionic strength of external solution is 100 mM.
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directly due to the apparent relation between the displacement and
Young’s modulus in the mechanical equilibrium Eq. (25). The dis-
placement of the hydrogel is changed largely with the variation of
Young’s modulus when the hydrogel is immersed into lower ionic
strength solution. The large Young’s modulus strengthens the
hydrogel andmakes the polymeric network bemore compact. Since
the osmotic pressure and repulsive force as driving source are equil-
ibrated by the network strength, increasing Young’s modulus could
equilibrate larger driving force. As such, the strain of the hydrogels
becomes smallerwith increasing Young’smodulus,which obviously
leads to the small displacement.4. Conclusion
The chemo-electro-mechanical MECis model has been pre-
sented for analysis of the inﬂuence of Young’s modulus on the
characteristics of the ionic-strength-sensitive hydrogel. The model
considers the three phases of the smart hydrogel including the so-
lid polymeric network matrix, interstitial ﬂuid and ionic species
and their response to the ionic-strength-stimulus. The model con-
sists of the governing equations, including Poisson–Nernst–Planck
system associated with the ﬁxed charge equation for the ionic spe-
cies and interstitial ﬂuid, and the mechanical equation for the equi-
librium of polymeric network of the hydrogel. The simulation
results by the MECis model are compared with the experimental
work, and it demonstrates that the MECis model is able to predict
the responsive characteristics of ionic-strength-sensitive hydrogel
quite well. The parameter studies for the inﬂuence of the Young’s
modulus are conducted on the performance of the ionic-
strength-stimulus-responsive hydrogel. It is showed that the
Young’s modulus has signiﬁcant effect on the distribution of the
mobile ions, ﬁxed charges, electrical potential, displacement and
swelling ratio of the smart hydrogel. The comparison and parame-
ter study also conclude that the present MECis model can work as a
good platform for design and optimization of smart hydrogel-
based BioMEMS.
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